Mitochondrial diseases are a heterogeneous group of disorders caused by mutations in the mitochondrial DNA (mtDNA), but also in nuclear genes [1] [2] [3] 
mitochondrial transcription factor A (h-mtTFA), DNA polymerase ␥, (Pol ␥) and mitochondrial single stranded binding protein (mtSSB) [4, 5] . The disorders involve mostly skeletal muscle and brain, but other organs may also be affected. In this context, liver failure due to depletion of mtDNA is relatively common [6] [7] [8] [9] [10] [11] .
Depletion of mtDNA may be caused by mutations in different genes. Mutations in the gene encoding the catalytic subunit of polymerase ␥ [12] [13] [14] are associated with depletion of mtDNA and subsequently liver failure and have been described most often in Alpers-Huttenlocher disease [15] [16] [17] [18] [19] . However, these mutations were also found in a wide spectrum of other clinical disorders, including autosomally inherited progressive external ophthalmoplegia, sensory-neural neuropathy, ataxia, epilepsy and parkinsonism [20, 21] . Therefore, an interesting question is how other coexisting metabolic alterations might influence the clinical presentation [22] .
In this study, we describe the morphological, cyto-immunocytochemical, biochemical and molecular genetic results in a 16-months old child, who died of liver failure due to mutations in the polymerase ␥ (POLG) gene. Our study showed heterogenic tissue involvement with a mosaic defect pattern in the liver probably related to concomitant secondary dysfunction of further proteins involved in mtDNA maintenance like mitochondrial single stranded binding protein (mtSSB) and mitochondrial transcription factor A (mtTFA). The results help to explain the occasionally observed recovery from mtDNA depletion and indicate also that a slight increase in the mtDNA copy number might be enough to retain the normal respiratory function, which may open possibilities for therapeutic trials in the future.

Materials and methods
Case report
The patient, a boy, was the first child of healthy non-consanguineous/ genetically unrelated parents. There was no history of miscarriage in the family and the history of the family was negative for liver disease.
Pregnancy and delivery were normal (birth weight 3920 g, APGAR 6/9/10 [23] . Immuno-cytochemistry using the ABC Elite kit (DAKO) was performed as previously described for the detection of cytochrome-c-oxidase subunits II-III and Vab [24] , mtTFA, DNA-polymerase ␥ [25] and mtSSB [26] . Biochemical analysis of the respiratory chain enzymes was performed on homogenates of deep frozen muscle [27] [28, 29] . We amplified the mtDNA ATP6 gene with unlabelled primers between nucleotide positions 8981 and 9061 with the forward primer, 5Ј-
ACCAATAGCCCTGGCCGTAC-3Ј and the backward primer 5Ј-GGTG-GCGCTTC-CAATTAGGT-3Ј. For the detection of nDNA we selected exon number 8 of the GAPDH-gene between nucleotide positions 4280-4342, using the forward primer 5Ј-CGGGGCTCTCCAGAACATC-3Ј and the backward primer 5Ј-ATGACCTTGCCCACAGCCT-3Ј. The control range was
determined for skeletal muscle, liver and heart using 30 control muscle DNA samples, 9 control liver DNA samples, and 3 control heart DNA samples.
Sequencing of the nuclear encoded deoxyguanosine kinase (DGUOK) [30] and POLG was performed as described [20] . 
In situ hybridization of mtDNA
In situ hybridization was performed as previously described [31] [32] [33] [34] 
Results
Liver
Light microscopy of the liver (Fig. 1) (Fig. 1A) . A stain for iron (Perl-stain) was negative.
Fine structure
Most of the hepatocytes were stacked full with slightly enlarged mitochondria. These mitochondria had a floccular granular matrix, loss of matrix granules and a reduced amount of cristae ( Fig. 2A,  B) . Occasionally, mitochondria with tubular cristae formations were also present (Fig. 2C) . Deposits of bile and lipid droplets were a constant feature. Corresponding to the light microscopical findings there were also hepatocytes with a normal content of mitochondria and regular cristae (Fig. 2D) . The rough endoplasmic reticulum was inconspicuous.
Cytochemistry
In most of the hepatocytes cytochrome-c-oxidase (cox-) activity was deficient. (Fig. 3A) However, there were also small islands with preserved activity (Fig. 3B) . Succinate dehydrogenase was regularly detectable both in the areas with and without deficiency of cytochrome-c-oxidase (Fig. 3C) . At the ultrastructural level occasionally a co-existence of defective and normal reacting mitochondria could be found (not shown).
Immunohistochemistry
Immunohistochemistry disclosed a severe loss of cytochrome-coxidase subunits II/III, Vab, sparing small islands of hepatocytes. In contrast, the bile ducts reacted normally (Fig. 4A, B) .
There was also a severe defect of DNA-polymerase ␥ sparing, however, small hepatocytic foci (Fig. 5) . Also, mtSSB and mtTFA were partially deficient leading to the coexistence of both defective and normal-reactive hepatocytes (Fig. 6A, B) . 
In situ hybridization of mtDNA
In situ hybridization of mtDNA disclosed a severe reduction of mtDNA in the altered hepatocytes (Fig. 7A, B) , but there were multiple small foci of hepatocytes with preserved staining (Fig. 7A, C) . No staining defect could be found in the bile duct epithelium (Fig. 7B ).
Heart and skeletal muscle
In the heart (Fig. 8) (Fig. 9) . Succinate dehydrogenase was also normal. In situ hybridization of mtDNA could not detect a clear reduction of mtDNA in the heart. In the skeletal muscle the signal intensity was generally weak apparently because of artificial influences. (Table 1 ). In the heart the enzyme activities were below the normal range; however, skeletal muscle showed normal respiratory chain activities (Table 1 ). 
Biochemistry
Analysis of the respiratory chain revealed a severely reduced activity of all mtDNA-encoded enzyme complexes (I. III, IV) in the liver
Molecular genetics/mtDNA-Quantification
A severe depletion of mtDNA was found in the liver and a less severe but still significant depletion was detected in skeletal muscle and in heart homogenates ( Table 2 [20] . Both parents harboured one of the two mutations found in the child proving compound heterozygosity.
Discussion
Mitochondrial DNA depletion syndrome is an autosomal recessive disorder affecting either selectively or in combinations various organs, especially the liver, heart, kidneys, skeletal muscle and brain. In contrast to other mitochondrial diseases, severe depletion of mtDNA often affects the liver and can lead to liver failure. [6] [7] [8] [9] [10] [11] . Depletion of mtDNA in the liver has also been found in oncocytic hepatocytes [35] , associated with defects of the respiratory chain [25] most probably as an effect of cellular ageing [31] .
The enzyme responsible for mtDNA replication is Pol ␥, which consists of a 140 kD catalytic polypeptide (encoded by POLG or POLG1) and two identical 55 kD accessory subunits (encoded by POLG2) that are required for an increased DNA affinity and highly processive DNA synthesis [12, 14, 36, 37] . The majority of mutations involved with Pol ␥ have been genetically linked to the POLG gene [15] [16] [17] [18] [19] while mutations in POLG2 are rare [38] .
Over 150 disease causing mutations have been reported in POLG where the A467T mutation of POLG has been observed to be the most frequent [12, 20, 21] (see also http://tools.niehs.nih.gov/polg/). The A467T mutation compromises the interaction with the accessory subunit and decreases polymerase activity [12] . Patients heterozygous for the A467T mutation, like the patient described here, are usually more severely affected than A467T homozygotes [20, 39] [40] . The fatal liver failure in our patient was comparable with the liver fail- Furthermore, our study confirms the occurrence of tissue dependent defects [19, [41] [42] [43] [44] . Whereas only a mild mitochondrial cytopathy of the heart and skeletal muscle was seen on single cells/ fibre level a severe but nevertheless non-homogenous defect was detected in the liver. The finding of non-homogenous liver involvement has been previously reported in three studies [10, 11, 63] [47] [48] [49] . The mechanisms, however, underlying the expression of tissue selectivity and the reversibility remain still unclear [50, 51] . Besides tissue specific isoforms of enzymes enrolled in DNA replication and maintenance, oxidative damage from free radicals might be a causative factor since Pol ␥ is susceptible to oxidative damage in vitro [52, 53] . In the present case, the compound heterozygous mutations in POLG presented as immunohistochemically severely reduced Pol ␥ protein and a mosaic pattern of cox-staining and mtDNA levels. In a previous case, with DNA depletion caused by a homozygous deoxyguanosine kinase gene (DGUOK) mutation [54] expression of Pol ␥ was shown to be normal [11] .
In our study, we also tested the expression of mitochondrial transcription factor (mtTFA) and of mitochondrial single stranded protein (mtSSB), which both are involved in mtDNA-replication. H-mtTFA is a 25 kD protein, indispensable for transcription and replication of mtDNA [55] . The protein bends and unwinds mtDNA, thus priming transcription and replication [5, 56] . In the liver of the present patient a mosaic defect pattern of both proteins existed. In a previously described case [11] with a hepatic form of mtDNA depletion caused by a homozygous DGUOK gene mutation [54] mtTFA and mtSSB were also defective, the latter, however only in single abnormal hepatocytes. In a previous study on parathyroids with defects of cytochrome-c-oxidase both mtTFA and polymerase ␥ were regularly expressed [57] .
It is generally accepted that h-mtTFA mirrors the mtDNA status of the cell, but it is most likely that reduction of h-mtTFA represents a secondary phenomenon as it is also reduced in cell lines where mtDNA copy number was experimentally reduced [58, 59] . Therefore, it appears that similar as in Saccharomyces cerevisiae [60] 
